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Background: The aim of this study was to prospectively evaluate the diagnostic efficacy of diffusion 
kurtosis imaging (DKI) in predicting microvascular invasion (MVI) and histologic grade of hepatocellular 
carcinoma (HCC) with comparison to the conventional diffusion-weighted imaging (DWI).
Methods: This prospective study was approved by the Institutional Review Board, and written informed 
consent was obtained from all patients. From September 2015 to January 2017, 74 consecutive HCC 
patients were enrolled in this study. Preoperative magnetic resonance imaging including DKI protocol 
was performed, and patients were followed up for at least one year after surgery. Diffusion parameters 
including the mean corrected apparent diffusion coefficient (MD), mean apparent kurtosis coefficient 
(MK), and apparent diffusion coefficient (ADC) were calculated. Differences of diffusion parameters among 
different histopathological groups were compared. For parameters that were significantly different between 
pathological groups, receiver operating characteristics (ROC) curve analyses were performed to evaluate 
the diagnostic efficiency for identifying MVI and predicting high-grade HCC. Univariate and multivariate 
logistic regression analyses were used to evaluate the relative value of clinical and laboratory variables and 
diffusion parameters as risk factors for early recurrence (≤1 year).
Results: Among all the studied diffusion parameters, only MK differed significantly between the MVI-
positive and MVI-negative group (0.91±0.10 vs. 0.82±0.09, P<0.001), and showed moderate diagnostic 
efficacy (AUC =0.77) for identifying MVI. High-grade HCCs showed significantly higher MK values 
(0.93±0.10 vs. 0.82±0.09, P<0.001), along with MD (1.34±0.18 vs. 1.54±0.22, P<0.001) and ADC values 
(1.17±0.15 vs. 1.30±0.16, P=0.001) than low-grade HCCs. For differentiating high-grade from low-grade 
HCCs, MK demonstrated a higher area under the ROC curve (AUC) and significantly higher specificity 
than MD and ADC (AUC =0.81 vs. 0.76 and 0.74; specificity =82.2% vs. 60.0% and 60.0%, P=0.02). In 
addition, higher MK (OR =5.700, P=0.002) and Barcelona Clinic Liver Cancer (BCLC) stage C (OR =6.329, 
P=0.005) were independent risk factors for early HCC recurrence.
Conclusions: DKI-derived MK values outperformed conventional ADC values for predicting MVI and 
histologic grade of HCC, and are associated with increased risk of early tumor recurrence.
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Introduction

Hepatocellular carcinoma (HCC) is a common malignancy 
worldwide and the second leading cause of cancer-
related death (1). Despite the emergence of several new 
therapeutic modalities, long-term survival of advanced 
HCC patients remains poor due to high-recurrence rates 
(2,3). Many biological factors of HCC are related with the 
notorious tumor recurrence. Microvascular invasion (MVI) 
is an important predictive factor for poor prognosis after 
curative liver resection or transplantation (4-7), because it 
provides the route for tumor cells to access the portal or 
systemic circulation. It has been reported that the one-year 
recurrence rate in MVI-positive patients was significantly 
higher than that in MVI-negative patients (7). In addition, 
tumor differentiation is also considered as an important 
predictive factor for patient prognosis (8,9). High-grade 
HCCs are usually associated with higher recurrence rates 
and poorer prognosis in comparison with low-grade 
HCCs (5,6). Unfortunately, information regarding MVI 
status and tumor differentiation is not routinely available 
preoperatively, thus, limiting their clinical utility in decision 
making. Therefore, preoperative radiologic prediction 
of these histopathological results can allow optimized 
management of HCC and help improve long-term survival 
for patients.

Diffusion-weighted imaging (DWI) has been widely 
applied to characterize and grade hepatic lesions (10-14).  
Despite an abundant number of favorable results, the 
validity of conventional DWI is challenged by the fact that it 
is based on the assumption of Gaussian water diffusion (15).  
To elaborate, water diffusion in living tissues is more 
complicated and often displays substantial non-Gaussian 
properties due to the presence of microstructures, such as 
cell membranes and other organelles (16). 

Diffusion kurtosis imaging (DKI) is a special DWI model 
which treats water diffusion as non-Gaussian behavior (17).  
Compared with traditional DWI, this model has been 
shown to provide greater sensitivity to tissue microstructural 
complexity with an extender b-value range (18). It is also 
considered to be the preferred model in terms of model fit 
and repeatability (19). Improved tumor characterization and 
grading using DKI parameters compared with traditional 
DWI has already been reported in many other solid 
malignancies (20-23). However, only a few recent studies 
have investigated its biological significance in liver imaging. 
A direct correlation between kurtosis derived from DKI and 
cellularity of HCC was reported in fresh liver explants (24). 

Wang et al. (25) were first to suggest that mean kurtosis was 
significantly correlated with MVI and could yield better 
predictive accuracy for MVI than ADC. However, few 
studies have explored the ability of DKI in assessing the 
histologic grade of HCC and patient prognosis. In addition, 
the value of DKI for predicting tumor biological behaviors 
requires further validation. 

Therefore, the purpose of this study is to evaluate the 
efficacy of DKI-derived parameters in the preoperative 
evaluation of MVI and the histologic grade in HCC 
patients, with comparison to the conventional mono-
exponential model-based ADC value. Additionally, we also 
explored the correlation between diffusion parameters and 
the early recurrence risk of HCC after hepatic resection.

Methods

Patients

This prospective study was approved by the Institutional 
Review Board and written informed consent was obtained 
from all patients. From September 2015 to January 
2017, patients with suspected primary liver cancer based 
on clinical history or previous ultrasonography and/or 
computed tomography were consecutively enrolled and 
underwent a preoperative MR examination with DKI 
sequence. The inclusion criteria were as follows: (I) primary 
liver lesions without prior treatment; (II) patients ≥18 years 
old; (III) without contraindication for contrast-enhanced 
MRI examinations such as metallic implants, pregnancy or 
renal insufficiency. 

One hundred and fifty-four patients were initially 
scanned during the study period. Among these patients, 
80 were excluded for the following reasons: (I) not eligible 
for tumor resection or did not receive surgery in our 
hospital (n=40); (II) lesions histopathologically diagnosed as 
malignancies other than HCC (n=14); (III) HCCs less than 
1 cm in diameter (n=4) or with left sub-phrenic locations 
(n=10); (IV) poor DWI quality due to respiratory or 
motion artifacts (n=3); (V) loss to follow-up within one year 
(n=9). Seventy-four patients were finally included, and the 
median time interval between MR examination and surgical 
resection was 4 days (range, 1–8 days). 

MRI protocol

All patients were examined using a 3T MR scanner 
(MAGNETOM Skyra, Siemens Healthcare, Erlangen, 
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Germany) with an 18-channel phased-array body coil and an 
integrated spine coil with 12 channels. Patients were asked 
to fast for 6–8 hours before MR examination. Routine MR 
imaging sequences included in the standardized scanning 
protocol were high-spatial-resolution transverse T2-weighted 
imaging (TR/TE =2,160/100; FOV =433×433 mm2;  
matrix size =320×288; slice thickness =6 mm; flip angle 
=160°), coronal T2-weighted imaging (TR/TE =1,000/96; 
FOV =400×400 mm2; matrix size =320×320; slice thickness 
=3 mm; flip angle =160°), T1-weighted in- and opposed-
phase imaging (TR/TE =81/1.4; FOV =400×325 mm2; 
matrix size =352×286; slice thickness =6 mm; flip angle 
=70°). For the dynamic phase imaging, Gd-EOB-DTPA 
(Primovist®; Bayer Schering Pharma AG, Berlin, Germany) 
was injected intravenously at a dose of 0.025 mmol/kg, 
followed by a 30-mL bolus of saline. Pre-contrast, late 
arterial phase (30–40 s), portal venous phase (60–70 s), 
transitional phase (3 min) and hepatobiliary phase (20 min) 
were obtained using fat-suppressed axial T1-weighted 
three-dimensional volume interpolated breath-hold 
examination (VIBE) sequence (TR/TE =3.95/1.92; FOV 
=400×295.6 mm2; matrix size =352×256; slice thickness  
=2 mm; flip angle =9°).

DKI data was acquired before the administration of 
contrast agent using a single-shot echo-planar (SS-EPI) 
diffusion sequence under free breathing. Five b-values  
(0, 200, 700, 1,400, and 2,100 s/mm2) in three orthogonal 
directions were used and the number of averages for 
each b-value was 1, 1, 2, 4 and 6, respectively. Parallel 
imaging was used to shorten the scan time and reduce 
image distortion, with the scanning parameters being the 
following: TR/TE =5,600/63 ms; FOV =380×289 mm2; 
matrix size =100×76; slice thickness =6 mm with a slice gap 
of 1 mm; voxel size =3.8×3.8×6 mm3; flip angle =90°, and 
the total acquisition time =3 minutes and 53 seconds.

Image analysis

Post-processing of diffusion data was performed with an 
in-house developed DKI tool using a computing language 
and interactive environment (MATLAB; Mathworks, 
Natick, MA, USA) (21) to obtain both the DKI parameters 
and ADC values. A Gaussian filter was first applied in the 
software with a full width at a half maximum of 3 mm to 
suppress diffusion imaging noise data. Then, the corrected 
apparent diffusion coefficient (D) and the apparent kurtosis 
coefficient (K) were calculated from the multi-b diffusion 
data using a voxel-by-voxel analysis based on the following 

formula: 

S(b)/S(0) = exp (−b×D + b2×D2×K/6) [1] 

S is the signal intensity at a given b-factor, S0 represents 
the signal without diffusion weighting, D represents the 
corrected apparent diffusion coefficient (ADC) accounting 
for non-Gaussian diffusion behavior, and K represents the 
apparent kurtosis coefficient which signifies the deviation 
of tissue diffusion from a Gaussian model. According to 
the above formula, the DKI Tool calculated the mean 
diffusion coefficient (MD) map and the mean kurtosis 
coefficient (MK) map from the trace-weighted diffusion 
signal of three gradient directions. An additional ADC 
map was reconstructed using the following standard mono-
exponential fit with b-values of 0 and 700 s/mm2: 

S(b)/S(0) = exp (−b×ADC) [2].

All quantitative measurements were conducted separately 
by two independent radiologists (with 15 and 3 years’ 
experiences, respectively) who were blinded to clinical and 
pathological results. A single representative ROI was drawn 
carefully along the entire margin of the tumor on the slice 
where tumors showed their largest transverse diameter on 
the ADC maps, excluding areas of necrosis and hemorrhage 
by referring to T2-weighted and contrast-enhanced 
T1-weighted images. The ROI was then automatically, 
simultaneously and unchangeably copied to both MD and 
MK maps by the aforementioned post-processing software. 
ADC, MD and MK values were calculated within the same 
ROI. In patients with multifocal lesions, the largest lesion 
was chosen as the study target. The parametric values of 
the ROIs from two measurers were averaged for the final 
analysis.

Histopathological analysis 

Histopathological examination was performed for all the 
surgically resected hepatic specimens. The presence or 
absence of MVI and histologic differentiation grade of 
HCC were blindly identified and used for radiologic-
pathologic correlation. MVI was defined as a tumor within a 
vascular space lined by endothelium that was visible only on 
microscopy (26). The major histological grade of HCC (the 
predominant grade within tumor) was determined according 
to the Edmondson-Steiner classification (27). Tumors with 
Edmondson-Steiner grade I and II were classified into the 
low-grade group, and grade III and IV were classified into 
the high-grade group.



593Quantitative Imaging in Medicine and Surgery, Vol 9, No 4 April 2019

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2019;9(4):590-602qims.amegroups.com

Follow-up

After surgical resection, all patients were followed up for 
at least 12 months. The diagnosis of tumor recurrence 
and metastasis was based on regular image examinations 
with ultrasonography and/or contrast-enhanced CT, 
supplemented with X-ray, bone scan and serum AFP 
elevation. Gadoxetic-acid-enhanced MRI or positron 
emission tomography were obtained when US and 
CT failed to provide obvious evidence for a suspected 
recurrence.

Early recurrence of HCC was identified as the presence 
of new intrahepatic lesions with typical radiologic features 
of HCC on two radiological studies or extrahepatic 
metastasis within 12 months of initial surgery. 

Statistical analysis

Quantitative variables were expressed as mean ± standard 
deviation (SD). The intra-class correlation coefficient 
(ICC) was firstly calculated to assess the agreement of 
quantitative measurement for all diffusion parameters 

between two independent radiologists and defined as 
follows: less than 0.5, poor reliability; between 0.5 and 0.75, 
moderate reliability; between 0.75 and 0.9, good reliability; 
greater than 0.90, excellent reliability. Independent-sample 
t test or Mann-Whitney U test was used to compare 
the differences in ADC, MD, and MK values between 
the MVI-positive and MVI-negative group. One-way 
ANOVA or Kruskal-Wallis rank test was used to compare 
the differences of these parameters across four histologic 
grades. Spearman’s correlation analysis was performed to 
determine the relationship between diffusion parameters 
and histologic grades. Receiver operating characteristic 
(ROC) analyses were performed to evaluate the diagnostic 
performance of significant parameters in predicting the 
presence of MVI and high-grade HCC. The optimal cut-
off point which demonstrated the greatest Youden index 
and the corresponding sensitivity, specificity, positive and 
negative likelihood ratio was calculated. Z test was used to 
compare AUCs. P values <0.05 were considered statistically 
significant.

Univariate and multivariate binary logistic regression 
analyses were used to identify independent risk factors of 
early HCC recurrence. The diffusion parameters were 
divided into two groups according to the optimal cutoff 
points on the ROC curves. Significant variables in univariate 
analysis were included in multivariate stepwise logistic 
analysis. Odds ratios (OR) and 95% confidence intervals 
(CIs) were calculated. All data analysis was conducted using 
SPSS 24.0 (SPSS, Chicago, IL, USA). 

Results

Demographic and clinical-pathologic characteristics

A total of 74 patients (mean age, 49.2±10.8 years; range, 
26–71 years), including 62 men (mean age, 49.2±10.4 years, 
range, 26–71 years) and 12 women (mean age, 49.0±13.5 
range, 30–65 years), were included for final analysis (Figure 1).  
Early recurrence was found in 29 (39.2%) patients, of which 
25 (86.2%) were intrahepatic, 2 (6.9%) were extrahepatic 
(one with lung metastasis, and one with adrenal metastasis), 
and 2 (6.9%) were combined intra- and extra-hepatic 
recurrence. Detailed patient characteristics are summarized 
in Table 1. 

DKI parameters and ADC in evaluating MVI

Among all diffusion parameters, only MK values correlated 

Figure 1 Flowchart shows process of enrollment of study 
population for this prospective study. ER, early recurrence; HCC, 
hepatocellular carcinoma; ICC, intrahepatic cholangiocarcinoma; 
RFA, radiofrequency ablation; TACE, transcatheter arterial 
chemoembolization.

154 consecutive patients suspected of having primary 
HCC underwent MR examination including DKI 
between September 2015 and January 2017

114 patients received tumor resection in our hospital

100 patients were histopathological diagnosed as HCC

74 patients with HCCs were finally included

ER group 
(n=29)

Non-ER group 
(n=45)

16 patients excluded due to not having 
surgery records in our hospital;
24 patients excluded for receiving other 
treatment including RFA (n=5) and TACE (n=19)

14 patients excluded due to pathology other 
than HCC:

• ICC (n=10)
• Mixed HCC/ICC (n=1)
• Angiomyolipoma (n=1)
• Focal nodular hyperplasia (n=2)

26 patients excluded for:
• Tumor <1cm in diameter (n=4)
• Tumor located at left subphrenic area (n=10)
• Poor image quality (n=3)
• Lost to follow up within 1 year (n=9)
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significantly with the presence of MVI. The MK values of 
MVI-negative HCCs were significantly lower than those 
of MVI-positive HCCs (Table 2, Figure 2). For identifying 
the presence of MVI, MK values demonstrated an AUC 
of 0.77 (95% CI, 0.66–0.86) with a sensitivity of 68.4% 
(95% CI, 51.3–82.5%) and a specificity of 75.0% (95% CI, 
57.8–87.9%) using a cutoff of 0.86 (Table 3, Figure 3). No 
significant differences of MD or the reconstructed ADC 
values existed between HCCs with and without MVI (Table 2). 

Figures 4 and 5 show MR images of representative 
HCCs. The inter-observer agreements of the diffusion 
parameters between the two radiologists were excellent for 
both ADC (0.90, 95% CI, 0.85–0.94) and MK (0.93, 95% 
CI, 0.89–0.95), and good for MD (0.88, 95% CI, 0.83–0.93). 

DKI parameters and ADC in the differentiation of the 
histologic grade

There was a good relationship between the Edmondson-
Steiner grades and the MK values (rho =0.570), as well 
as the MD values (rho =−0.501, P<0.01 for both). A fair 
relationship was found between the ADC values and the 
histologic grades (rho =−0.493, P<0.01) (Table 2). The ADC, 
MD, and MK values in the different pathological groups are 
shown in Figure 2 and Table 2. For discriminating low-grade 
from high-grade HCCs, MK demonstrated the highest 
area under the curve (AUC) with a value of 0.81 (95% CI, 
0.70–0.89), followed by MD and ADC with the value of 
0.76 (95% CI, 0.65–0.85) and 0.74 (95% CI, 0.63–0.84), 
respectively. No statistically significant differences were 
observed when comparing the above AUCs. In addition, 
ROC analysis showed that MK (82.2%) had a significantly 
higher specificity than that of MD (60.0%, P=0.02) and 
ADC (60.0%, P=0.02), whereas no significant differences 
were observed in sensitivity for all parameters (72.4% for 
MK, 86.2% for MD and 75.9% for ADC, respectively) 
(Table 3, Figure 6).

Preoperative predictors of early recurrence

Univariate analysis identified the serum AFP level, 
Barcelona Clinic Liver Cancer (BCLC) stage C, MD, and 
MK as independent predictors for early recurrence (P<0.05 
for all, Table 4). At multivariate analysis, only the increased 
MK value [OR: 5.700 (95% CI, 1.849–17.578), P=0.002] 
and the BCLC stage C [OR: 6.329 (95% CI, 1.732–23.121), 
P=0.005] were identified as independent predictors of early 
tumor recurrence (Table 4). 

Table 1 Patients’ baseline characteristics of clinical and pathologic 
findings

Characteristics Values

Clinical information

Age (years)† 49.2±10.8  
(range, 26–71)

Male/female 62/12

Etiology of liver disease

Hepatitis B virus 66 (89.2)

Hepatitis C virus 3 (4.1)

Both hepatitis B & C virus 1 (1.4)

Cryptogenic disease 4 (5.4)

Tumor size (cm)† 5.80±2.68  
(range, 1.50–10.76)

AFP level (ng/mL)‡ 97.4  
(range, 1.4–15,824.0)

Serum AST (≥35 IU/L) 40 (54.1)

Serum ALT (≥40 IU/L) 30 (40.5)

Cirrhosis 35 (47.3)

BCLC stage

0 1 (1.4)

A 14 (18.9)

B 43 (58.1)

C 16 (21.6)

Pathologic findings

Edmondson-Steiner grade

Grade I 11 (14.9)

Grade II 34 (45.9)

Grade III 21 (28.4)

Grade IV 8 (10.8)

MVI status

MVI negative 36 (48.6)

MVI positive 38 (51.4)

Patients with early recurrence (≤1 year) 29 (39.2)

Unless indicated otherwise, data represent the number of 
patients, with percentages in parentheses. †, data are expressed 
as mean ± standard deviation with ranges in parentheses. ‡, 
data are expressed as medians with ranges in parentheses. AFP, 
alpha-fetoprotein; ALT, alanine aminotransferase; AST, aspartate 
aminotransaminase; BCLC stage: Barcelona Clinic Liver Cancer 
stage; MVI, microvascular invasion.
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Table 2 Correlations and comparisons of DKI-derived parameters and apparent diffusion coefficient between different histopathological groups

Parameters

MVI status† Edmondson-Steiner grades†

MVI negative‡ 

(N=36)
MVI positive 

(N=38)
P

Low-grade 
(N=45)

High-grade 
(N=29)

P
Spearman’s  
correlation

ADC† (×10−3 mm2/s) 1.29±0.17 1.22±0.16 0.071 1.30±0.16 1.17±0.15 0.001** −0.493**

MD† (×10−3 mm2/s) 1.51±0.22 1.41±0.22 0.055 1.54±0.22 1.34±0.18 <0.001** −0.501**

MK‡ 0.82±0.09 0.91±0.10 <0.001** 0.82±0.09 0.93±0.10 <0.001** 0.570**
†, independent-sample t test; ‡, Mann-Whitney U test. **, P value <0.01. ADC, apparent diffusion coefficient; MD, mean corrected apparent 
diffusion coefficient; MK, mean apparent kurtosis coefficient; MVI, microvascular invasion. 

Figure 2 Box and whisker plots represent the differences of the ADC, MD and MK values among different histopathological groups. (A,B,C) 
Quantitative comparison of the differences between MVI-positive and MVI-negative groups in the ADC, MD, and MK values, respectively. 
(D,E,F) Quantitative comparison of the differences among four Edmondson-Steiner groups in the ADC, MD, and MK values, respectively. 
ADC, apparent diffusion coefficient; MD, mean corrected apparent diffusion coefficient; MK, mean diffusion kurtosis coefficient; MVI, 
microvascular invasion.
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Discussion

In this study, we explored the performance of DKI in 
predicting the presence of MVI and histologic grade of HCC 
and compared it with the conventional ADC value. Results 
of this study suggested that among all studied diffusion 
parameters, MK might be the most promising factor in 
systematic evaluation of tumor biological behaviors, and 
serve as an independent risk factor of early recurrence after 

hepatic resection within a year.
In the present study, encouraging results were observed 

for the unique DKI-derived parameter—MK. According 
to the ROC analysis, MK values performed significantly 
better in predicting both the histological grade and the 
presence of MVI in HCCs compared with MD and ADC. 
Although no significant differences were observed in the 
AUCs, specificity for prediction of high-grade HCCs at 
the identified threshold was significantly higher for MK 
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than for MD and ADC. Similar results were reported 
by published studies applying DKI in liver imaging. 
Goshima et al. (28) compared DKI with DWI for assessing 
therapeutic effects in HCC treatment and observed that 
MK provided higher diagnostic performance than ADC 
in evaluating HCC viability. Wang et al. (25) were first to 
report the correlation between DKI and the MVI of HCC. 
According to them, mean kurtosis value and irregular 
circumferential enhancement were independent risk factors 
for the MVI of HCC in multivariate analysis. In addition, 
they also provided the reason why the DKI-derived MK 
could yield increased performance in predicting the 

presence of MVI compared with the conventional ADC 
value. Firstly, with presence of multiple tissue types such 
as necrosis, inflammation, tortuous vessels with different 
permeability, and densely packed cell structures which 
reflect various distribution of tissue diffusivities, kurtosis is 
thought to increase in this more complex and heterogenous 
microenvironment introduced by MVI (15,23). On the other 
hand, the presence of MVI provide routes for tumor cells to 
spread to surrounding liver parenchyma (4,7). The vigorous 
cell proliferation further changes anatomic structure and 
causes necrosis or hemorrhage, resulting in the increasing 
tissue complexity at the microstructural level. Finally, these 
authors also suggest that in MVI-positive HCC, the presence 
of tumor emboli or clusters of tumor cells in branches of the 
portal vein, hepatic vein, or capsular vessel could result in the 
marked hindrance of water motion and interaction with cell 
membranes, contributing to higher tissue complexity (23).  
Similar mechanisms can explain the results in this study for 
tumor differentiation. Because high-grade HCCs tend to 
be more proliferative, aggressive and heterogeneous, the 
increased cellularity, tumor cell nuclear-cytoplasmic ratios, 
and more tortuous extracellular space in high-grade HCCs 
can result in a more irregular tumor microstructure, similar 
to MVI (16,17). Therefore, MK is potentially the most 
specific parameter to reflect tumor biological behaviors. 
The result that MK was identified as the only significant 
prognostic factor in both univariate and multivariate analysis 
in this study could be attributed to the underlying correlation 
between MK and tumor aggressive biological behaviors. 

Meanwhile, ADC and MD values were significantly 
correlated with the Edmondson-Steiner grade of HCC in 
this study, which was in consistent with the results of earlier 
studies and the pooled meta-analysis (29-31). The rationale 

Figure 3 Receiver operating characteristic curve of MK value 
derived from DKI for identifying MVI. Area under the receiver 
operating characteristic curve (AUC) for identifying MVI is 0.77, 
with a cutoff of 0.86. The dashed lines represented the 95% 
confidence bounds of AUC. MK, mean apparent kurtosis coefficient; 
MVI, microvascular invasion; DKI, diffusion kurtosis imaging.

Table 3 Diagnostic value of DKI-derived parameters and ADC value in identifying MVI and differentiating the low-grade group (grade I and II) 
from the high-grade group (grade III and IV)

Group AUC (95% CI) Optimal cutoff value Sensitivity Specificity +LR −LR

Non-MVI group vs. MVI group

MK 0.77 (0.66–0.86) ≥0.86 68.4% (51.3–82.5%) 75.0% (57.8–87.9%) 2.74 0.42

Low-grade HCC vs. high-grade HCC

ADC 0.74 (0.63–0.84) ≤1.25 75.9% (56.5–89.7%) 60.0% (44.3–74.3%) 1.90 0.40

MD 0.76 (0.65–0.85) ≤1.46 86.2% (68.3–96.1%) 60.0% (44.3–74.3%) 2.16 0.23

MK 0.81 (0.70–0.89) ≥0.89 72.4% (52.8–87.3%) 82.2% (67.9–92.0%) 4.07 0.34

ADC, apparent diffusion coefficient; CI, confidence interval; LR, likelihood ratio; MD, mean corrected apparent diffusion coefficient; MK, 
mean apparent kurtosis coefficient; DKI, diffusion kurtosis imaging.
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Figure 4 MR images of a 31-year-old male patient with a pathologically verified HCC of Edmondson-Steiner grade III and MVI positive. The 
patient suffered intrahepatic recurrence at 8 months after tumor resection. A 6.3 cm tumor in right lobe of the liver shows hyperintensity 
on T2-weighted image (A), hypointensity on 20-min hepatobiliary phase (B) and restricted diffusion on the diffusion-weighted image with 
a b-value of 700 s/mm2 (C). ADC (D) and MD maps (E) shows lower signal intensity compared with that of liver parenchyma. MK map 
(F) shows higher signal intensity of tumor compared with that of background liver parenchyma. The calculated mean values of ADC, MD 
and MK for the HCC were 1.18×10−3 mm2/s, 1.24×10−3 mm2/s, and 0.96, respectively. The tumor was histopathologically proven to be 
Edmondson-Steiner III grade with hematoxylin-eosin (HE) staining at 200× magnification (G). The HE staining at 100× magnification 
(H) showed that increased cellularity, marked variation of nuclear pleomorphism and disorganized distribution of tumor cells with different 
differentiation degrees. HCC, hepatocellular carcinoma; MVI, microvascular invasion; ADC, apparent diffusion coefficient; MD, mean 
corrected apparent diffusion coefficient; MK, mean diffusion kurtosis coefficient.
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behind this could be that as tumor cellularity increases with 
the histological grade, this results in the higher density of 
hydrophobic cellular membranes and decreased extracellular 
space which subsequently restrict water molecular diffusion 
and is visually presented as decreased ADC and MD. 
Based on this, previous studies also attempted to predict 
the presence of MVI in HCCs using ADC, but their 
results were controversial. A prior study reported that 
ADC calculated from b=0 and 500 s/mm2 images could 

serve as an independent predictor of MVI in HCC (32). 
Other studies also reported similar results, suggesting the 
usefulness of ADC for predicting MVI (33,34). However, 
the underlying reason behind this is unclear and not 
confirmed by histopathological analysis so far. The authors 
(32-34) proposed that possible mechanisms might be that 
ADC values could reflect capillary perfusion as well as 
molecular diffusion. Because HCCs with MVI may have 
decreased perfusion, it would lead to relatively lower ADC 
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Figure 5 MR images of a 48-year-old male patient with a pathologically verified HCC of Edmondson-Steiner grade II and MVI negative. 
The patient did not have tumor recurrence within 1 year. A 4.6 cm tumor in the right anterior hepatic section shows hyperintensity on T2-
weighted imaging (A), hypointensity relative to the surrounding liver parenchyma in hepatobiliary phase (B), and restrict diffusion on the 
diffusion-weighted image with a b-value of 700 s/mm2 (C). ADC (D) and MD maps (E) show slightly higher signal intensity compared 
with that of liver parenchyma. MK map (F) shows lower slightly lower signal intensity of tumor compared with that of background liver 
parenchyma. The calculated mean values of ADC, MD, and MK for the HCC were 1.34×10−3 mm2/s, 1.60×10−3 mm2/s and 0.80, respectively. 
The hematoxylin-eosin (HE) staining of the tumor at 200 × magnification proved it to be Edmonson-Steiner grade II (G). The HE staining 
at 100× magnification (H) showed that increased cellularity relatively lowered structural complexity. HCC, hepatocellular carcinoma; MVI, 
microvascular invasion; ADC, apparent diffusion coefficient; MD, mean corrected apparent diffusion coefficient; MK, mean diffusion 
kurtosis coefficient.
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values. In our study, neither ADC nor MD was significantly 
correlated with the presence of MVI, which was consistent 
with the results of Li’s study (35). This discrepancy, we 
speculate, is likely to be attributed to the selection of 
b-values. With high b-values in our study, the influence of 
microcapillary perfusion on ADC values might be reduced. 
In addition, because MVI is usually found in venous vessels, 
the perfusion changes caused by MVI is probably limited, 
as the relative blood flow velocity is lower in hepatic venous 

vessels than in arteries. Moreover, the presence of MVI may 
increase the vascular permeability and reduce the portal 
vein resistance, causing increased perfusion. Therefore, the 
aforementioned possible mechanism and the association 
between ADC, MD, and MVI require further investigation. 

It is worth noting that, for the assessment of both tumor 
histological grade and MVI, similar results were observed 
for MD and ADC. This finding, to some extent, was in 
accordance with those of Budjan et al. (36) which stated 
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that the assessment of conventional ADC values could lead 
to similar results in differentiating liver lesions when using 
b-values below 1,000 s/mm2 for MD calculation. This might 

be explained in terms of their similar physical meanings. 
Despite the MD value demonstrated potential in reflecting 
the non-Gaussian diffusion behavior of molecular water in 
tissue with more precision, it also can be influenced by the 
“pseudo-diffusion effect” caused by microcirculation of the 
tissue capillaries like ADC (17,37). Thus, we believe that 
DKI can provide similar information as traditional DWI 
does, along with additional information regarding molecule 
interaction through MK. 

Our study also showed that the BCLC stage C was 
an independent risk factor of early recurrence, which is 
consistent with the results of previous studies (38,39). 
ADC was not recognized as a significant predictor in both 
univariate and multivariate analysis, as with previous studies 
(13,40). However, Lee et al. (41) reported that the mean ADC 
value was able to predict early recurrence within 2 years in 
patients with early-stage HCCs (≤5 cm). Other potential 
risk factors such as age, tumor size, serum AFP levels and 
cirrhosis were also reported with inconsistent results. The 
discrepancy may be attributed to the heterogeneity of patient 
populations evaluated, and the different cut-off points of 
tumor markers used in the other studies.

Technical parameters and extender b-values setting, 
which can affect the accurate quantitation of diffusion 
parameters, are crucial for the DKI model. However, no 
consensus on this topic has been reached so far, and the 
best cut-off diffusion values for predicting histopathological 

Table 4 Univariate and multivariate analysis in preoperative prediction of one-year early recurrence after hepatectomy in HCC patients

Variable
Univariate analysis Multivariate analysis

OR (95% CI) P value OR (95% CI) P value

Age (y) (≤50/>50) 1.025 (0.403–2.608) 0.959 – –

AFP (ng/mL) (≤200/>200) 2.966 (1.128–7.801) 0.028* – –

BCLC stage

B stage 1.375 (0.370–5.106) 0.634 – –

C stage 5.042 (1.101–22.967) 0.037* 6.329 (1.732–23.121) 0.005*

Tumor size (cm) (≤5/>5) 1.309 (0.505–3.395) 0.580 – –

Cirrhosis 1.339 (0.525–3.415) 0.541 – –

ADC values (×10−3 mm2/s) (≤1.25/>1.25) 2.171 (0.828–5.694) 0.11 – –

MD values (×10−3 mm2/s) (≤1.46/>1.46) 3.000 (1.100–8.180) 0.032* – –

MK values  (≥0.89/<0.89) 3.896 (1.446–10.498) 0.007* 5.700 (1.849–17.578) 0.002*

*, statistically significant results from logistic regression analysis. ADC, apparent diffusion coefficient; AFP, alpha-fetoprotein; BCLC stage: 
Barcelona Clinic Liver Cancer stage; CI, confidence interval; MD, mean corrected apparent diffusion coefficient; MK, mean apparent  
kurtosis coefficient; OR, odds ratio. 

Figure 6 Comparison of ROC curve analysis of DKI-derived 
parameters and ADC value of hepatocellular carcinoma for 
differentiating the low-grade HCC from the high-grade HCC. Graph 
shows that the AUC was largest for MK (AUC =0.81), followed by 
MD and ADC (AUC =0.76 and 0.74, respectively). There were no 
significant differences between the AUCs of each parameter. ADC, 
apparent diffusion coefficient; MD, mean corrected apparent diffusion 
coefficient; MK, mean apparent kurtosis coefficient; ROC, the 
receiver operating characteristics; AUC, area under the ROC curve.
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results may differ greatly between facilities. In most prior 
studies concerning the usefulness of DKI for breast (21),  
rectal (42,43) and prostate lesions (22), the b-value 
spectrum was 0–2,000 s/mm2. To capture the non-Gaussian 
distribution behavior of molecular motion, at least two 
b-values both above and below 1,000 s/mm2 are usually 
required (18), with the minimal b-value to mitigate the 
effect of capillary perfusion on diffusion metrics, and the 
maximal b-value of approximately 2,000 s/mm2 to reduce 
the apparent departure form linearity of the diffusion 
kurtosis. Merisaari et al. (44) suggested that the parameters 
of the DKI model were best estimated using 5–7 b-values 
in the range of 300–2,000 s/mm2. The scan time should 
also be taken into consideration in routine clinical practice. 
Accordingly, b-values of 0, 200, 700, 1,400, and 2,100 s/mm2  
were adopted in our study. This DKI protocol yield an 
overall satisfactory imaging quality and good to excellent 
inter-observer agreement in our study, suggesting the 
feasibility of using this DKI model in liver imaging. 

Our study had several limitations. First, this is a single-
center study with relatively small samples, which enrolled 
only cases with tumor resection. Thus, it is prone to 
potential selection bias. Second, predominantly large 
lesions which tended to be high-grade and MVI positive 
were enrolled in our study. Third, tumors in the left sub-
phrenic area were not included in our study due to the fact 
that cardiac motion significantly degrades image quality in 
these areas, causing unreliable measurements; therefore, 
the results cannot be generalized to left sub-phrenic 
tumors. Fourth, this DKI protocol was acquired under free-
breathing, resulting in decreased signal-to-noise ratio on 
parameter maps. However, the free-breathing protocol was 
recommended in several studies (45,46) because of its good 
reproducibility and shorter acquisition time compared with 
that of respiratory-triggered and breath-hold imaging. Fifth, 
the ADC, MD and MK cutoffs were derived from our own 
population and not tested in a separate validation set, which 
may have led to an overestimation of performance. Further 
studies with larger populations in a multicenter setting 
using standardized DKI protocol should be established 
to validate our conclusions. Sixth, morphologic imaging 
findings which were considered to be associated with MVI 
and early recurrence in many studies were not included 
into our research for analysis. In future study, HCC-
related preoperative clinical information, laboratory data, 
morphologic imaging findings, and diffusion parameters 
should be included into multifactorial analysis to select 
independent risk factors for poor prognosis.

In conclusion, our preliminary study showed that MK 

values derived from DKI model demonstrated superior 
diagnostic performance than the conventional ADC value 
for predicting MVI and poor differentiation of HCC. 
Higher MK value is associated with more aggressive tumor 
biological behaviors and increased risk of tumor recurrence.
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